Ethnopharmacological relevance: Clerodendrum petasites S. Moore (CP) has been widely prescribed 10 in Thailand and neighbouring countries for both oral and topical administration to treat asthma, 11 fever, cough, vomiting and skin diseases, for at least 30 years. 12
Aim of the study: To characterise polyphenolic compounds in the plant, to predict the feasibility of 13 their topical absorption and to test their ability to penetrate the skin. 14 Materials and Methods: Identification and quantification of flavonoids and phenolic acid derivatives 15 in an ethanolic extract of the aerial parts of the plant was carried out using high performance liquid 16 chromatography (HPLC) with photodiode array (PDA) and mass spectrometry (MS) detection. 17 Ambiguous isomeric compounds were distinguished by nuclear magnetic resonance (NMR) 18 spectroscopy. The feasibility of the compounds' topical permeability was evaluated by predicting 19 their maximum fluxes from their physicochemical properties. The skin penetration of compounds in 20 the plant extract was measured in vitro over 24 hours. 21
Results: Vanillic acid, verbascoside, 4-coumaric acid, ferulic acid, nepetin, luteolin, apigenin, 22 naringenin, hispidulin, hesperetin and chrysin, were identified in CP. All compounds except apigenin 23 and hispidulin are reported in this species for the first time. Hispidulin is the predominant compound 24 (1.2% w/w in a dried ethanolic extract) followed by nepetin, verbascoside, vanillic acid, and apigenin. 25 Across mammalian skin, hispidulin was percutaneously absorbed within 3 hours and vanillic acid and 26 nepetin permeated the skin after 6 hours. These experimental observations were consistent with the 27 predicted maximum fluxes of these compounds calculated from their physicochemical properties. 28
Conclusions: Many of the phenolic compounds reported in this study are well known to possess 29 antimicrobial, anti-inflammatory and anti-oxidant activities. The skin permeation studies reported 30
here support traditional topical uses of the plant in skin treatments and are useful for further topical 31 formulation optimisation. 32
Thai traditional practitioners usually prepare aerial parts, leaves, or roots of C. petasites as a tea, 9 alcoholic extract or cigarette to treat asthma (Hazekamp et al., 2001; Panthong et al., 2003; 10 Panthong et al., 1986) . Leaves and roots are also ground into powders for treatment of inflammation 11 (Panthong et al., 1986) as well as to treat fever, cough, and vomiting (Panthong et al., 2003 ; Thai 12 traditional medical textbook: Paet-Ta-Ya-Saat-Song-Kror (แพทยศาสตร์ สงเคราะห์ ), 2007) (S. Tungjitaruen, 13 pers. comm., 2011). The plant is widely prescribed for oral administration and generally formulated 14 into multi-herb recipes. The most famous recipe is "Ha-Rak" (synonyms: Ben-Cha-Lo-Ka-Wi-Chian, 15
Kaew-Ha-Dueng, Phed-Sa-Wang), containing equal amounts by weight of five roots from C. petasites, 16 Ficus racemosa Linn, Capparis micracantha DC, Harrisonia perforate Merr, and Tiliacora triandra 17 Diels (Pichaensoonthon et al., 2005 The dried extract of C. petasites was accurately weighed and dissolved in methanol at a 2 concentration of 50 mg·mL -1 and sonicated for 30 minutes. After centrifugation at 4000 rpm for 20 3 minutes (U-32, Boeco, Germany), the supernatant was filtered through a 0.45 µm nylon membrane 4 and diluted with methanol to appropriate concentrations prior to HPLC-MS or HPLC-PDA analysis. 5
The filtered plant sample solution was stored at 4 ○ C. 6
Preparation of topical formulations 7
A solution containing the CP extract at a concentration of 50 mg·mL -1 in 50% aqueous ethanol was 8 prepared. The solution was sonicated for 60 minutes and then centrifuged at 4000 rpm for 20 9 minutes. The supernatant was filtered through a 0.45 µm nylon membrane before use in the in vitro 10 permeation tests. The solution was used within 24 hours of preparation. 11
A paste consisting of 50% CP, 17% propylene glycol and 33% Vaseline (w/w) was prepared and well 12 mixed. The paste was used within 24 hours of preparation. 13
HPLC-MS 14
Experiments were performed on a Shimadzu HPLC-2010A HT system (Shimadzu Corp., Kyoto, Japan) 15
consisting of an autosampler, vacuum degasser, and UV detector which was set at the detection 16 wavelengths of 260 and 330 nm (chosen on the basis of HPLC-PDA results of individual standards). . The column temperature was maintained at 29 35 ○ C throughout the analysis. All data acquired were processed by the LabSolutions LCMS Software 30 (Shimadzu Corp., Kyoto, Japan). 31
HPLC-PDA 32
The HPLC-PDA system comprised an ASI-100 automated sample injector, thermostatted column 33 compartment TCC-100 and PDA-100 photodiode array detector (Dionex® Ltd., UK). The UV detection 34 wavelengths were set at 260 and 330 nm for quantification and the maximum wavelengths (λ max ) of 35 each peak were detected by a wavelength scan from 240 to 360 nm for peak confirmation. 36
A HiQ Sil C18 HS column (C18, 5 µm, 150 x 4.6 mm i.d., Kyatech, Japan) was used and the 37 temperature was maintained at 35 ○ C. The HPLC-PDA conditions were slightly changed from those 38 which had been optimized for HPLC-MS. Acetonitrile (A) and a mixture of 0.1% aqueous acetic acid 39 and acetonitrile (v/v, 80:20, B) were combined as the mobile phase in a gradient system of 0% A, 40 100% B for 9 min, 0-50% A, 100-50% B for 6 min, 50% A, 50% B for 5 min, 50-94% A, 50-6% B for 10 41 min, 94% A, 6% B for 5 min and 0% A, 100% B for 25 min with a flow rate of 0. Each standard solution was diluted and measured in triplicate to assess a signal-to-noise ratio (S/N). 3 The S/N was the ratio of the height of the chromatographic signal above the baseline and the height 4 of the baseline noise measured more than 30 seconds before and after the peak to avoid any peak 5 tails. The concentration with S/N ≥ 3 was defined as LOD and that with S/N ≥ 10 was identified as 6 LOQ. 7 2.12.2 Calibration curves 8
Separate calibrations were carried out for HPLC-MS and HPLC-PDA assays. At least six concentrations 9
and three independent preparations of phenolic standards in the range of 0.25 -20 ng in methanol 10
were injected into the HPLC-MS detector. 0.25 ng -2 µg of standard mixtures in methanol were 11 subjected to HPLC-PDA detection. Calibration curves were obtained by plotting the areas under the 12 curves (AUCs) against concentration and the equation of the line determined by linear regression. 13
The curves were used only within the linear range. 14
Precision 15
Three different concentrations (low, middle, and high examples on the calibration curves) of 16 individual phenolic standards were measured five times a day to determine intra-day variability. The 17 standards were also analysed twice a day on three consecutive days in order to obtain inter-day 18 variability. The results were expressed in terms of relative standard deviation (RSD). 19
Statistical analysis 20
All statistical analyses were performed using GraphPad Prism® version 5 (GraphPad Software Inc., 21 CA, USA). Calibration curves were analysed with linear regression. Datasets were expressed as mean 22 ± SD (standard deviation) and compared for statistical significance at P ≤ 0.05 with two-way ANOVA 23
and Bonferroni post-tests. 24 25 
Results and discussion

Analytical method optimisation and validations of phenolic standards 26
Twenty four phenolic standards were selected for preliminary qualitative analysis and detected by 27 the optimised HPLC-MS and HPLC-PDA ( The linearity of the concentration versus peak area relationships was determined over the range of 9 0.01-6 µM. Linear correlations (r 2 ) were obtained with r 2 > 0.95 for all the eleven phenolic standards 10 except hesperetin (r 2 = 0.90). Based on a 20-µL injection, the limits of detection (LOD) and 11 quantification (LOQ) for each standard were determined to be 20-25 nM and 41-50 nM, respectively 12 for luteolin, apigenin, naringenin, hispidulin, hesperetin and chrysin. LODs of vanillic acid, 4-coumaric 13 acid and ferulic acid were 32-38 nM and those of verbascoside and nepetin were 60 and 79 nM, 14 respectively; the LOQs of these compounds were in the range of 63-80 nM except for nepetin (158 15 nM). 16
Multiple injections were carried out to determine the precision of the assay for each standard. The 17 intra-day RSD (relative standard deviation) values at medium and high concentrations of each of the 18 standard calibration curves were less than 5% for the eleven phenolic standards except for 4-19 coumaric acid (6.3%), while the intra-day RSDs at low concentration were relatively higher (less than 20 9% for the eight phenolic compounds, 13% for 4-coumaric acid and hispidulin, and 19% for ferulic 21 acid). The inter-day RSD values were not significantly different among the low, medium and high 22 concentrations (below 10% for all compounds except 4-coumaric acid, luteolin, apigenin, and 1 hesperetin for which the RSD was less than 18.5%). 2
Identification of chemical compounds in CP 3
To characterise naturally-occurring chemical compounds in CP (Table 2) , three independent criteria 4 corresponding with pure standards were routinely applied: (a) retention time (t R ), (b) mass to charge 5 ratio (m/z), (c) maximum wavelength (λ max ). Peaks with a retention time identical to one of the 6 standards and one other criterion in common with that standard were regarded as tentatively 7 identified in this study; peaks with two other criteria in common with the standard were regarded as 8 identified. 9 
14
Eleven compounds of CP were characterised as vanillic acid, verbascoside, 4-coumaric acid, ferulic 15 acid, luteolin, nepetin, naringenin, hispidulin, hesperetin, and chrysin. However, using the above 16 criteria, hispidulin could not be reliably separated from the two isomeric forms: chrysoeriol and 17 diosmetin. They share the same MW, polarity and chromophores, and thus they cannot be 18 unambiguously identified by either MS or UV detection.
HNMR analysis of an enriched fraction of 19
the extract obtained by column chromatography was used to elucidate which of these isomers was 20 present. Fig. 1 shows that peaks observed in the enriched fraction matched those of hispidulin. No 21 matching NMR peaks for chrysoeriol and diosmetin were observed in the enriched extract (Fig. 2) . 
Quantification of natural constituents in CP 3
Vanillic acid, verbascoside, nepetin, apigenin and hispidulin were quantified in the ethanolic extracts 4 ( Table 3 ). The amounts of the other six compounds, 4-coumaric acid, ferulic acid, luteolin, 5 naringenin, hesperetin and chrysin, fell below their LOQs. Hispidulin was predominant at 39 µmol/g 6 followed by nepetin (15 µmol/g), verbascoside (4 µmol/g), vanillic acid (3 µmol/g) and apigenin (1 7 µmol/g), respectively. Reproducibility of the ethanolic extraction among five different batches was 8 good. 9 Table 3 . Amounts of phenolic constituents in C. petasites from five extracts with MS detection in 10 both negative and positive ion modes. 11 The feasibility of skin absorption of the eleven naturally-occurring phenolic compounds was 14 evaluated by predicting their maximum fluxes (J max ) (Table 4 ) from their physicochemical properties: 15 molecular weight (MW), octanol-water partition coefficient (log P), and water solubility (C sat,w ) 16 (ALOGPS 2.1 algorithm, 2001; Chemspider). The eleven compounds may be broadly categorised into three groups: phenolic acids, flavonoid 6 aglycones, and a phenolic glycoside. Phenolic acids including vanillic acid, 4-coumaric acid and ferulic 7 acid, have the highest predicted J max because of their smaller size and greater water solubility. 8
Flavonoid aglycones, nepetin, luteolin, apigenin, naringenin, hispidulin, hesperetin, and chrysin, have 9 slightly larger MW and are less soluble in water than the phenolic acids; hence, their predicted 10 penetration rates are slower. Verbascoside is the only phenolic glycoside in this study and contains 11 two sugars, rhamnose and β-glucose; it has the highest MW as a result and a lower log P which 12 (despite its reasonable water solubility) means that this compound has the lowest predicted J max . 13
Overall, ten of the eleven compounds have predicted fluxes of at least ~0.1 µg·cm ; that of 14 verbascoside is so small that it seems very unlikely to result in any measurable therapeutic effect. 15
The phenolic acids have physicochemical properties consistent with a reasonable skin permeability, 16
i.e., modest MW and log P in the range of 1-3 (Hadgraft and Guy, 2003) . 17
In vitro percutaneous absorption 18
To identify which of the naturally-occurring compounds in CP are able to penetrate through the skin 19 and to evaluate their permeability, in vitro experiments using a pig skin model with simple 20 formulations (50% w/w CP paste and a 50 mg·mL -1 CP solution in 50:50 v/v ethanol:water) were 21 performed over a 24 hour period. Both formulations represented models for Thai traditional 22 preparations based on natural oils and alcohol. From a pharmaceutical view point, a paste can 23 contain the highest amount of a powdered plant (up to 50% of the total recipe) whereas a solution is 24 the dosage form that might be manipulated easily to achieve the maximum fluxes of the ingredients. 25 Propylene glycol in the paste was used to disperse the powdered plant, to facilitate dissolution of 26 hydrophobic ingredients and to increase skin penetration. 50% aqueous ethanol in the solution also 27 acted as a powerful cosolvent and potential skin penetration enhancer; in addition, it has been 28 reported to be an acceptable donor vehicle for in vitro diffusion experiments. Samples were 29 withdrawn from the receptor solution at 3, 6 and 24 hours. Control experiments, in which no 30 formulations were applied, revealed no penetration of any of the compounds present in CP. 31
Hispidulin was the only compound that penetrated from both formulations through the skin in an 32 amount that could be quantified after 3 hours (Table 5) . While both vanillic acid and nepetin applied 33 as a CP solution were detectable in the receptor phase at 3 hours, they could not be quantifiedbecause of their relatively high LOQs (74 and 158 mM, respectively) compared to that of hispidulin 1 (42 mM). Verbascoside delivered from the CP paste was not detected in the receptor solution after 2 24 hours because it is not soluble in the fatty base of this formulation; however, it was detected 3 when delivered from the hydroalcoholic solution reflecting a better solubility. 4 Table 5 . Quantities per unit area of skin surface of the eleven phenolic compounds detected in the 5 receptor solution after 3, 6 and 24 hours. Table 4 with the experimental data in 9 Table 5 is not possible because the degrees of saturation of the different compounds in the two 10 formulations are unknown. However, from a qualitative standpoint, it is perhaps reassuring to 11 observe that verbascoside was expected to penetrate the skin very poorly and this was indeed the 12 case. Equally, vanillic acid was well-absorbed and this was consistent with the relatively high J max 13 predicted from the model; nonetheless, the measured penetration of this compound was well below 14 that anticipated from J max suggesting that vanillic acid was present in the formulations at levels much 15 less than the saturation concentration. The same is almost certainly true for 4-coumaric acid, ferulic 16 acid and chrysin, for which no detectable skin penetration was found. Pseudomonas aeruginosa (Shikanga et al., 2010) . Thus, it may at least be beneficial as a topical 27 antimicrobial compound. 28
Conclusions 29
We have examined the profile of occurrence and skin penetration of polyphenolic compounds of C. 30 petasites to evaluate the topical uses of this plant in Thai traditional medicine. Nine phenolic 31 compounds, vanillic acid, 4-coumaric acid, ferulic acid, verbascoside, nepetin, luteolin, chrysin, 32 naringenin, and hesperetin that have not previously been reported from the species, plus apigenin 33 and hispidulin, were identified in CP extracts. Hispidulin was quantified as a predominant compound, 1 being present at 39 µmol/g in a dried ethanolic extract (equal to 0.04% by weight in dried crude 2 plant material). Using a pig skin model, vanillic acid, nepetin and hispidulin were found to be able to 3 penetrate the skin. Reasonable predicted maximum fluxes and together with biological activities 4 reported elsewhere, of these compounds potentially support the topical clinical uses of this plant in 5
Thai folklore. 6
The results in this study illustrate that topical bioavailability of individual constituents of herbal 7 preparations may limit which compounds actually act at a pharmacological level, and that this is 8 determined by both the levels in the plant and the ability of the compound to penetrate the skin. In 9 particular, various glycosides, which commonly occur in plant materials and which possess a wide 10 range of potentially useful biological properties, may not be absorbed transdermally. The results 11 reported here show that such compounds are readily identified from their physicochemical 12
properties. However, compounds with modest molecular weight and a balanced lipophilicity (as 13 measured by log P), are both predicted and demonstrated to have reasonable percutaneous 14 absorbability. Taken together, a quantitative analysis of the plant material, the application of the 15
Potts and Guy equation, and knowledge of the in vitro biological activities of individual chemical 16 components provide a useful approach to the evaluation of traditional topical herbal preparations 17 and for further formulation optimisation of those products. 18
